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ABSTRACT

The subject contract was initiated 1 July 1965 to develop the most efficient

i method of coupling a simulated thermionic converter to a heat pipe. The

heat pipe incorporates a gas barrier and is used to conduct the heat from a

E fossil fuel burner to the simulated converter. A theoretical analysis of the

operation of the heat pipe wil be made and confirmed experimentally.

During this first report period, progress was made on the following pertinent

S[ tasks: Potential working fluids were evaluated; structural materials and

fabrication techniques were investigated; barrier materials were evaluated;

[ E permeation tests were started using the most promising barrier materials

and a theoretical analysis of getter materials to eliminate unwanted con-

taminants has been started.
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Technical Report ECOM-01507-1 [
'I THE DEVELOPMENT OF A FOSSIL FUEL FIRED HEAT PIPE

FOR USE WITH THERMIONIC ENERGY CONVERTERS

~I 3 SECTION I

INTRODUCTION AND SUMMARY

For several years there has been a widespread effort to develop a thermionic
converter capable of producing electric power directly from the combustion

heat of a burning fossil fuel. The recent achievement at RCA of 1020 hours

offlame-heated converter operation has indicated the potential of this approach.

In addition, the technical experience leading to this achievement has defined

several areas where marked improvements in performance are both possible

and desirable. In eacb case the advantage to be obtained is related to the

L method 1 heating the converter emitter through the permeation barrier structure.

The insertion of a heat pipe in the thermal flow path between the burner and con-

i' L verter shows great promise of achieving more efficient and -reliable performance.

In July 1965, this one year engineering program was initiated to evaluate the

best method of coupling a heat pipe to a simulated thermionic energy converter.

The current program provides a theoretical analysis of heat pipe operation frcm

L a fossil fuel heat source with an extensive investigative program providing ex-

perimental and design data in the following areas: (a) heat transfer fluids, (b)

•[ heat pipe envelope and capillary materials, (c) high temperature gas permeation

and corrosion barrier materials, (d) techniques for coupling the fossil fuel

1 ~ fired heat pipe and thermionic converters, (e) measurement of gas permeation

rates and the development of means of minimizing any deleterious effects of
S~permeating gases. (f) determination of the thermal transfer capactty of heat

pipes at surface temperatures up to 14500C, (g) the distribution of temperatures

and heat flux over the useable surface of a heat pipe, (h) the efficiency of heat

� transfer by means of a heat pipe, and finaly, (i) the cycled operating life of a

L heat pipe.
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U The information derived from the analytical and experimental portioniu' of the
program form the basis for the design of the heat pipes to be tested. A fosuil

[J fuel burner will be employed for the tests. Quarterly and Final Technical
Repot wilb -rpared at appropriate intervals. Delivery will be made of

two heat pipes representative of the work carried out during the program.
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SECTION II "

FACTUAL DATA

A. Heat Pipe Advantages

The bases for the current program stem from the demonstrated advantages
of heat pipes when used to drive thermionic converters.

The heat pipe is a static device which couplet. the outstanding heat trans-

fer properties of a liquid-vapor, two-phase system with capillary return

of the condensate to the boiler. RCA has designed, fabricated and tested

heat pipes for operation it thermionic conditions. The tests, and the

analysis of the results, have revealed the following heat pipe characteristics

which are useful in this applicatior.:

1. Efficient heat transfer

2. Thermal flux transformation

3. Temperature flattening

4. Isolation of heat source

5. Low sensitivity to contaminants

6. Geometric flexibility

These characteristics yield the following advantages in a fossil fuel heated

thermionic generator.

1. Uniform Emitter Temerature "

It is difficult to achieve uniform temperature on the emitter of a ther-

mionic converter heated directly from any practical heat source. Even

if the heat source supplies a quite uniform heat flux, substantial tempera-

ture non-uniformity will exist on the emitter because of conductive end

losses. These problems are magnified with the moving hot gas heat

transfer of a fossil fuel burner. Since thermionic emission is a steep

First Quarte-ly Technical Report
1. Contract DA28-043-AMC-01507(E)

31 October 1965 -3-



function of emitter temperature, the performance of a convekter with

"I.. the ideal isothermal temperature distribution, attainable with a heat

pipe. is substantially greater than can be achieved from a converter

with a non-uniform emitter temperature.

[. 2. Optimum Burner Efficiency

The heat flux required to operate a thermionic converter in the 1400°C ]
temperature region is approximately 30 watts per square centimeter.

This high heat flux is attainable with existing burners, but is available

only at an appreciable cost in efficiency. Reduction of the heat flux

requirement to one-third -or one-half of this maximum level will permit

optimum burner operation and result in a burner efficiency increase of

ten percent or more. This reduction in the heat flux requirement can

be obtained easily through the use of the transformation capability of

the heat pipe. Simultaneous optimization of burner and converter ef-

ficiencies can then be achieved.

3. Reduced Tem~perature Drop
Since the heat flux through the heat pipe surface and its permeation

barrier can be reduced, as discussed above, the temperature drop

will be reduced since it is proportional to heat flux. ThermaLly in- i
duced stresses will be reduced. Improved thermal shock resistance

can be expected to result.

4. Reduced Sensitivity to Contaminants

The heat pipe contains no electronically active surfaces and is thus

less sensitive to contaminants than a thermionic converter. The in-

tense vapor stream in the heat pipe will sweep any gaseous contami-

nant to the low pressure end where it can be processed by "windows"'

Ii
First Quarterly Technical Re.port
Contract DA28-043-AMC-0l1 ,07(E)
31 October 1965 -4-

l -



(E X {such as palladium For lydrogen) by more conve!- onale •tterins

i techniques.

5. Optimnum Converter Design

From the heat transfer, burner design, and barrier fabrication view-

points it is preferable to supply heat to the oter surface of a heat

transfer device which is inserted into the burner. For optimum con-

verter efficiency, minimum electrical lead losses, minimum conver-

ter cooling power requirement and minimum converter weight, an

iTernal emitter (and heat source) are preferable. The use of the

heat pipe makes possible the simultaneous realization of these other-

wise conflicting design considerations. The heat pipe can project into

the burner on one end and into the converter on the other.

Through the use of the heat pipe it is therefore possiVle to solve many

of the existing problems in fossil fuel heated thermionic converters

- and reduce the effect of others. The enhancement off converter per-

formance will more than offset the slight additional weight of the heat

pipe. The difficult barrier problem is rendered less acute. It be-

comes possible to match the performance of the converter and burner

in a way not otherwise possible so as to gain optimum efficiency from

both, leading to very worthwhile gains in system weight, efficiency

and fuel consumption.

B. Heat Pipe Design

In order to evaluatte the various items covered in the program, the basic

heat pipe-thermionic converter design shown in Figure 1 was modified to

"V investigate.two different heat pipe system concepts, These modifications

are shown in Figures 2 and 3. These systems are designed to furnish

.1

First Quarterly Technical Report
Contract DA28-043-AMC-01507(E)
31 October 1965 .- 2

.4

"++ +-+44



14-4

17

m $4

0 0)

CV)

1 0

0 U

V~

-44
02

0 E

L0 0

00
1.d

L 0I

First Quarterly Technical Report
Contract DA28-043-AMC-O1507(E)

[2 -31~ October 1965



0 4-

4J%

-1 0 0V;

.Co

>4

04

IUI

IE-,

!Jj First Quarterly Technical Report
Contract DA28-043-AMC-01507(E,)I[I 31 October .19,65 -7-



I Li

"IN

V0

0 :S

Fis urel TcnclRpr
Cotrc DA803-M -57E

r1 eoe 95--



F7

V sufficient thermal power to deliver 100 electrical watts from a cothvek4qrr

L In both systems the working fluid in the heat pipe is in solid thermal contact
L 'with the barrier. With solid thermal contact the major temperature gradient

V between the outside of the barrier and the working fluid occurs through the

wall of the barrier and is less than 46VC.

The cone section of the barrier and its associated heat shields makes it
possible to operate the seal between the converter and the barrier at 4000C

while the heat pipe is operating at 14500C.

In the first system, Figure 2, the barrier and the emitter form the heat

pipe.' This system requires that the barrier, the emitter and the joint be-

tween them be compatible with the working fluid. The space between the

heat shield and barrier is narrow enough that stagnant working fluid will

be held in the gap bycapillary forces. In the second system, Figure 3, the

working fluid does not come in contact with the barrier. Assembly to made by

shrinking the barrier onto a columbium tube to which the emitter to later welded.

The requirements of ihis system are that the working fluid be compatible

with columbium and the emitter material, and that the differential thermal

.expansior, between columbium and the barrier be small enough not to crack
the barrier.

In the design of the heat pipe it is assumed the converter will operate at

S"10% efficiency or 1000 watts of power must be transferred from the boiler

to emitter. Some heat will also be lost ai the jointure of the boiler to cob-

verter. An estimate of this loss was made by vectoriallyadding the lonti-

tudinal heat losses to the radial losses. To determine the longitudinal heat

loss, the cone was treated as a cylinder with one end operating at 14506C

while the other end was at 4000C. Using the average thermal conductivity

[ and the average cross-sectional area off the cone, the longitudinal heat

First Quarterly Technical ReporiU Contract DA28-043-AMC-0!307(E)
31 October 1965 -9-
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loss was 53 watts. The radial heat loss was determined by treatt' the

S~~cone as a disk with the inside radius being the inside radius of the barrietr ••

and the outside radius the radius at the base of the cone. The length of the '"."--

S ~~disk was the average wall thickness of the cone. With the same assumed ..
temperature, the radia heat loss was 34 watts. The total heat loss is 63ih•

watts when the longitudinal and-radial heat loss are vectorially added. • •Adding 63 watts loss at the jointure to the heai which must be supplied to

andthe emitter, 1063 watr s of energy must be transferred from the boiler.thofth

To simulate the operation off a converter, the emitter will radiate to the

water-cooled calorimeter. The power transferred by the hesa pipe can

!L be calculated from the change in temperature of the cooling water. A

molybdenum emitter 2. 8 cm in diameter and 10 cm long operating at 1450WC
2 -(

will radiate 1063 watts at a power density of 11. 4 watts/cm2. The tempera-

ture gradient through the wall of the emitter is 6. 50C. These simulated

converter and heat pipe structures shown will be temperature cycled 50

times from room temperature to 1450 0C.

C. Working Fluids

PotentiRl working flids for the heat pipe are required to have the following

characteristics.

1. The vapor pressure and the latent heat of vaporization of the working

- fluid must be high enough that heat can be transferred from the boiler

with laminar, flow in the vapor.

r 2. The vapor pressure of the working fluid must be low enough that there

UL are no undue stresses in the barrier from excessive internal pressure.

3. The melting point ,f the working fluid must be low so that stresses

LI from differential thermal expansion between solid working fluid aM -

barrier do not crack the barrier.

First Quarterly Technical Report
Contrct DA28-943-AMC-0107(E)El 31 October 1965 -10-



H 4. The working fluid must wet-the wick materilN and preferabiy the -

inside wall of the heat pipe.'

5. The working fluid must be compatible with the materials with which +

it comes in contact.

L In light of these requirements, bismuth and lead are the best working

fluids for the first design with the liquid metal in contact with the

, ialumina barrier. Lithium is the best working fluid for the second design

where the working fluid does not come In direct contact with the barrier.

L• Lithium is not compatible with alumina.

V Table I lists the working characteristics of bismuth, lead and lithium.L

All of the values are calculated using equations derived by T. P. Cotter

[ in his paper on "Theory of Heat Pipes". For completeness of this report,

the equations are repeated in the Appendix and sample calculations are

made using bismuth as the working filuid. Lithium is the best of the three

materials for a heat pipe operating at 14500C even though the pressure is

*I ,slightly greatert than two atmospheres. At 1660 torr the hoop stresses in

a barrier with a 0.060 inch wall are only 200 psi. Lithium has the smallest

[• temperature gradient (0. 08°C) and pressure gradient (0. 0088 torr) over the

" entire length of the pipe. Lithium's Reynold's number is small enough toF'r
L assure laminar flow. Lithium is also a desirable working fluid because

of its large latent heat of vaporization and low density.

For a heat p pe operating in contact with the alumina barrier, bismuth

fLI is the best choice. Although bismuth's temperature gradient (0. 81C) ane

pressure gradient (0. 42 torr) are more than an order of magnitude greater

than lithium's, they are small enough to assure that the vapor in the heat

"pipe is the same temperature from one end of the pipe to the other. The

[-,•

First Quarterly Technical Report
Cohtract DA28-043-AMC-01507(E)
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TABL.E 1I

flU THE CHARACTERISTICS OF POTENTIAL WORKING FLUIDS

LHeat of Vaporization at 1450~ 1. 14 . 745 19. 0 kwa~tt-

SLDensity of the vapor at 14500C 7.05 x 10- 2.,52 x 10* 1. 22 X 10 gl/cm
vVelocity of the vapor 1040 4480 366 cm/xec

-3 3 4
rl Viscosity ofthe vapor 1. 78 X10 1. 40 x10 3  2.04 x10 poises

R Reynolds number for the vapor 260 610 11e

L. p Vapor pressure at 14500C 320 124 1680 mm Hg

Ap Pressure gradient in the vapor -0.,42 -2.76 -0.00875 mfnHg
~: v

~iL AT Temperature gradient in theV vapor 0.81 7.73 0.0795 OK.

S[ PJ Density of the liquid at 14500C 8.55 9.3 0.*433 glcm3

V1  Velocity of the liqtuid 0.062 0.130 0.0110 cm,/sec

r L 7i Viscosity of the liquid at 14509C 5.7 x 10 -3 8. 5x 10 1. 85 X uS poises

Surface tension of liquid 14500C 275 335 155 dyne /cm

rOptick m pore radius for the
Optimum 0.0078 0.0086 0.0089 cm

Fixed Quantities

II [1 'ITK Dimensions
L Q Heat transferred from the

e boilei,' 1.063 kwatts

SLheat pipe length 24.68 cm

e Boiler length 8. 1 cm

r ,,,ide radius~ of 'wick 0.*63 cm
V

T Tempýýrature of heat
0pipe 1723

A Cross-sectie.ýiI area of2
V2

~ 'vapor region 1. 27 cm
r Inside radius of heat,[Wpipe (1,. 95 cm

Ii- s First Quarterly Technical Report
I Contract DA28-043-AMC-01507(E)f ý 3Octo~ber 06~ -12r
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most -severe temperature gradient (W'C-) occurs in ihe barrier s radWa

- AL. ~~A L..A I2~... ... J. ............. 4 ,

Lead will also operate the heat pipe. but is a poor choice because the

iJ temperature gradient along the pipe is 7. 7160.

D. Materials and Assenbly Techniqaes

Two important structural items were considered during the report period;

L the design of the capillary structure and the achievement. of a reliable

seal to join the h~eat pipe sections.

L 1. Cgpilar Str~ucture

F A wick Is necessary in the heat pipe to return the condensed vapor to

* the boiler for reavaporation. For the designs which have been dis-

[ cussed, the optimum pore size is 0. 008 to 0. 007 inches in diameter

for all the liquids considered as shown in the Appendix. The wick

can be made of either 80 mesh molybdenum screening or molybdenum

spontge. Eighty mesh screening is made using 0. 0055 inch diameter

wire and an opening with a width of 0. 007 inch. A photograph of sponged

tungsten is shown in Figure 4.

ft2. Ceramic-to- Metal Seal

The tw,)-piece heat pipe in which the working fluid is In contact with

Ithe cer-amic barrier requires a ceram ic -to- metal seal compatible with

lead or bismuth. Liquid lead andi bismuth are very corrosive and can

* L -readily dissolve brazing alloys containing copper, nickel, or axiy of

r the precious metals. Attempts to braze seal assemblies with refractory

L.. metal alloys such as the molybdenum-iron eutectic have failed because

they lack the ductility of conventional brazing alloys. For these reasons

U an effort has been m~ade to develop a ram seal. using a refractory metal

compatible with bismuth and lead.

FPirst Quarterly Technical Report

Contract DA,28-043-AMC-01507(E)
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Ii the seal and are discussed as follows:

jE - The sealing force, V per linear inch of seal circumference, can be
calculated using the equatiton:

3/2
V0 03 a t 1

K where
Fit ort =the hoop stress

tt = the wall thickness of the metal

R = the mean radius of the metal J

v Poisson's ratio

The interference AR can be calculatted from the equation

a R
t

where E the modulus ef elasticity of the metal band.

'I The six seals listed in Table II* were made and leaked. An. analysis

[1 of them is discussed later.

The metal selectett for the seal is Q-43, a columbiumi alloy wvith a
hominal composition of 10 percent tungsten, perceart zircoinium,

Ill ~First Quarterly TehrkitcaL Report -- -5
ContactDA28043AAIC0157(E



ZIL

[Ii Force

IMetal Band P

Components of Seal j
1L Ceramic

120.

Force T

Completed Sea-l

'[1 FIGURE 5 RAM SEAL BETWEBIN METAL BAND AND CERAMIC

I First Quarterly Technical Report
Contract DA28-043-AMC-01507(E)IU 31 October 1965 -16-



I'lTABLE U 7 7

CHARACTERISTICS OF FABRICATED SEALS

Wall Thickness Surface Preparation Stress Sealing 2-

0020 as drawn 40,000 pot 50# /in 0O~i2

000polished 60, 000 75 0 0.

0020 iron plated .00"' thick 40,O000 6 w6007

01033 polished 40,000 160 0.0637

0.00,33 polished 60, 000 150 0,005

003polished >80, 000* > 5*0.00

*This seal .was designed to exceed~the yield point offs-43.

Il

-- 5
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I ~pansion nearly the same as pure alumina, Figure 6, a yield stre~ha

above 58, 000 psi from room temperature to 8000C, Figure '7, a modulus

of elasticity of 17. 8 x 10 psi, Figure 8, and an elon'gation prior to

rupture of 20 percent at room temperature.

U With a thermal expansion nearly the same as aluinina, and the high

yield strength at 800*C, the sealing force would change liftle with
U temperature. Also, the small modulus of elasticity makes it possible

to design parts 'with a relatively large interference,

Rings 'were formed from D-43 sheet 0. 020 and 0. 033 Iinch thichr by

I] ~drawir"-' and by spinning. Spinning w~as tried first, without success.

It 'was necessary to anneal parts before~ reaching the final dimension,

Ii and the rings cracked during the eeecofid operatio-n. The rings were

finally made by drawing, which ca.uid be done in a singie operation

'without an anneal.

The surface ftnishes on the joining parta. s*xe verlr Impc tan't brocause

complete contact must be made for the seal to be vacaum tight. The

~I] first ceramics 'were ground 'with a 320 grit diamorid 'whef.1 foltowed by
600 grit rubber bonded silicon carbide 'wheel and 2 mteran. diamond

Li ~paste. This procedure tended to pull grains from t~he ceriamic body

creating an undesirable surfazze. By following 320 grit diamond

U 'wheel 'withn decr-easing grit sizes (45, 15, 9, 3 and 1 mricrons) Of

diamond paste abplied to a copper 'wheel, pulling c--d off the grains was

avoided. The surface of the metal was then' poliAtled using standard
mealrialpatcs

One of the first seals made is shown in Figure 9 after iR was pushed

II] apart to observe the deformation to the metals surface. *The wall

First Quai-terly Technical Report
Contract DA2B-043-AMC-01507(E)

L 31 October 1965 -18-
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thickness of the ring is 0. 020 int'. Th-, asal 10=-,1-Ab naa& 41,o

sc zr ing. From latter test with the 0.033 inch wall it was concluded

that the scoring is the result of gauling and that the metal pilling-up _J

in front of the ceramics sealing edge is pushing the metal band away

from the ceramic, preventing a seal in neighboring regions, Test .

with the heavier wall only broaden the scored regions. Shown in

Figure 10 is an iron plated 0. 020 inch thick metal band after it was
pushed apart. It should be noticed the metal is not scored because the I
softer iron acts as lubricant when the band is pushed onto 'he ceramic.

This seal had a small leak and is believed to be the resltlt of insufficiern

sealing force. Iron plating the D-43 is very difficult because the ad-

herence is poor, and thermal expansion mismatch is great.

From these preliminary tests, iron plating appears to be necessary

and t1he wall thickness of D-43 must be increased to obtain vacuum

[L tight joints.

3. Barrier Materials

The requirements of the barrier, that it be impervious to all gases

[ at 14500C for more than 1000 hours, and be capable of withstarnIitgF'de~sda follw:(otr then corr0spnd ene anoetswr

thermal shock, limits the choice of materials to a few, which are
/• discuissed as follows: (Most of the correspondence and tests were

performed with RCA funds and are being reported here to add conti-

'F [ nuity to this report).

Titanium diboride and zirconium diboride are two relatively new

materials. They are primarily employed for coating thermocouple

protection tubes made of either tantalum or columbium. They are

capable of withstanding the thermal shocks of being submerged in

molten steel from room temperatures. Samples of these materials

First Quarterly Technical Report
Contract DA28-043-AMC-01507(E)
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FIGURE 10 IRON PLATED D-43 METAL BAND

AFTER REMOVAL FROM CORAM RING

I NOTE: The highly polished inside diameter is obvious. It resulted from the
interference between the parts. A second seal was obtained with the opposite
end of The metal band with less interference and thus is less highly polished.

L First Quarterly Technical Report
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were Jxbtained for thermal cycling. The titanium d~boride w.u's re-

ceived as a free standing tube which was not vacuum tight. It was

temperature cycled six times from room temperature to 15001C

witholt cracking. At 15000 C a loose white oxide formed on the ex-

posed surface which indicated titanium diboride would be rnart1na

for continuous exposure at 15005C. The sample of zirconium di-

boride was plasma sprayed onto a tantalum tube. An attempt was

made to join the tantalum tube to a vacuum system. In brazing this

material the zirconium diboride coating delaminated and peeled off
the tantalum tube. The vendor replaced this sample, but the second

[ sample failed the same way.

A sample of Kanthal Super was also obtained and tested for thermal

shock, Kanthal Super is a molybdenum disilicide bonded together
with dispersion of ceramic and metal. A photomicrograph of its

structure is shown in Figure 11. Normally Kanthal Super is uned

as a heater element for 20000 C operation in air. The sample was
-temperature cycled six times successfully to 15000C arid the only

change in its appearance is a glazing of the exposed surface. Attempts

to metallize the Kanthal Super so that it could be brazed to a vacuum

system failed. The vendor also disclosed it would be impossible to
* I. make parts with a diameter greater than one inch or in the shape of

the cone at the end of the barrier.

I Sampleýs of high purity mullite were also obtained, bux failed during

the thermal shock test. A crude measurement of the permeation of

gases through mullite was obtained by sealing a vac-ion pump and

ion gauge to a mullite tube closed at one end. After degassing the

tube for 24 hours, the vac-ion pump was turned off and the pressure

SJof the system raised more than two orders of magnitude in less than

one-half hour.

First Quarterly Technical Report.
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4 Silicon carbide has also been considered as a permeW.ion barrIer,

UL~~UX i.Ueih lt-u w iuride, vacuum integrity coarniot be assured[

as a prress'-,d and s inter prrt. However, it can be obtained vacuum

a tight by vapor plating. Unf'ortunately, vapor plating produces the

Such a grain structure causcd the material to be very wenk bem~uset

there are no grains to interfere with the propagation oi cracks along

grain boundaries. The aver age modulus of rupture of samples of

pyrolytic silicon carbide was 19, 650 psi. Also, since grain lrunda-

[ ries are regions of a relatively loose molecular structure having

diffusion coefficients sornetimee several orders of magnitude higher

F than the bulk diffusion coefficient, the columnar structure provides

a shorter diffusion path for impturities than a f tne pressed and sintered

structure. Vapor plated sili-con carb3ide is also dIfficult to join to a -

metal member because induced thermal stresses which cause the

Sic to crack along the columnar grain boundaries. I
r ~~In light of the &.hert comings of the materials discussed above, alumina J

still appears to be the best materiall for the barrier, Currently there

* is more published data on the properties of alumina than any, other re-

fractory material. The tuabe industry has accumulated years of ex-

perience in, working witzi alumina, Pind the permeation rate ha-P beenII
proven. to be low onough as demonstrated1 by life testing a converter,

r7 Type A-1192B, fo morc- than 1000 hoars. Several suppliers are

capable of fur nish~ng high alumina bodies in the required geometry.

The properties off the alumina, as received from different suppliers,

vary sufficiently that they must be discussed separately.

Lucalox, Coram, and Frer'chtown '1325 are the three bodies considered

II-- for this program. bicalox is a high purity alumina body made by the

F Iirst Quarterly Technical Report
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energy with a wavelength as long as 6. 5 microns. Lucaloxs
Smodulus of rupture strength is in the range of 35, 000 to 40, 000 psi.

Barriers made of Lucalox are shown in Figure 13.

Coram is similar to Lucalox and made by the Corning Glass Co.

under a General Electric license. They claim to have improved the

thermal shock resistance of the body. A barrier made of. Coram 1B

shown in Figure 14. Their body is sintered in vacuum.

Frenchtown 7325 is manufactured by the Frenchtown Porcelain Co,

Sand was used in the A-1192B converter. Frenchtown has not been

able to furnish barriers of the size necessary in this program be-

cause of equipment limitations, so RCA has undertaken the task of

aiding them. By a Joint effort the isostatic pressing mold shown in

Figure 15 was designed. Frenchtown is furnishing 7325 powder which

wiD be used to fabricate barriers at RCA.

All of these alumina bodies have similar modulus of rupture strengths

of 30 to 40, 000 psi. If the strength of the body can be increased there

will be a correslonding increase in the shock resistance of the barrier.

Passmore and his associates have shown that by hot pressinf alumina,

a high purity body may be obtained with a very fine grain size and

modulus of rupture strength greater than 100, 000 psi.

Unfortunately, these samples were made by pres3sing in an uni-
"directional carbon die which is not amendable to manufacturing

L'x-rrers. A search is being made for a vendor with hot-isostatic

pressing equipment operable in the ten-merature and pressure ranges

where alu nina bodies are fabricated.
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SThe permeation test system constructed under contract DA-36-030-AUC-

03197(E) and described in the Summary Technical Report3 was relti-

vated wtth the foUewing modifications as shown in Figure 16.

1. The gold-seal fitting used for attaching test samples was replaced

by a stainless steel flange using a copper gasket.

L2. The concept of an independent electrical heater inside a series of

"stacked" heat shields has been reple.ced with a new integrated heater-

heat shield construction, completely enclosed within a water-cooled

jacket as shown in Figure 17. This modified system has been

successfully pumped to the ultra-high vacuum region. Currently, a

Coram sample is attached and is being outgassed at 16000C prior to

testing in a fossil fuel flame environment.
4

recently acquired GE Partial Pressure Analyzer, Model #22 PC120.

has been installed on the system and is undergoing checkout. According

to manufacturer's specifications, the instrument L0 capable of resolving

adjacent peaks in the range 2 - 50 AMU (3K gauss magnet)

The forthcoming permeation tests will be conducte.1 in the following manner:

1. Sample mounted and checked for leaks.

2. Sample outgassed extensively biside the evacuated bell, using the

electrical heater at 16000 Centigrade.

I 3. After outgassing, the sample will be cooled to room temperature and

the bell opened to air. The bell and the electric heater will be removed,
f
S4. Burner will be placed around the sample, ignited and slowly raised Ln

temperature until the sample hot zone reaches 14500 Centigrade.

First Quarterly Technicall Report
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FIGURE 17 HEATER-HEAT SHIELD ASSEMBLY
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•.• • •~~.• Valve V-2 (See Figure 16) will then be closed and the pressukie liht he. :+•--

I t collection chamber monitored.

S•6. Valve V-3 then will be opened and the constituents of the gas determined
iI i by the Partial Pressure Analyzer.

In an attempt to minimize the effects of permeating gases on the operation

S~of a heat pipe, an investigation has been launched into various getters or

! gettering techniques applicable to a heat pipe environment. Specifically,

i this environment consists of a metal vapor- at a pressure of 10-1000

microns of Hg and a temperature of 1400° Centgrade.

This search is dominated by the following considerations:

1. Previous work has shown that oxygen selectively permeates alumina

barriers5. Hence, any material or technique used as a getter must

LaRve a high affinity for oxygen and form thermally stable oxides.

While hydrogen• and hydrides are of interest, they are anticipated to

enter only as second-order effects,

2. No commercial gett.ers are availlable which operate in the temperature

A-6 7

range 1300-1400° Centigrade

3. A literature search has not revealed any getter studies performed

under the conditions of interest.

In view of the above facts, the decision was made to approach the problem

by consider-ing the thermodynamics end kinetics off possible chemical re-

actions.

Since thermodynamic parameters dictate the necessary condftions for the

reaction, these were studied initially. This study is hampered, however,

by inconsistencies in the literature as to nomenclature and notation.

First Quarterly Technical Report
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Traditionally, literature in the field of chemistry uses the term "frdeeF

energy" to describe energy exchange during a reaction in cordact with a

pressure and heat, reservoir; namely, the atmospherg. The thermno-

12 dynamic function applicable to this condition is the Gibbs Function defined

as: Gf-SI

_4 where

Hi is the enthalpy of the system

T is the temperature of the system2

S is the eutropy of the system

Many thermodynamics tests, on the other hand, define "free energy" as

changes in the Helmholtz Function:

A U : - TS

wher e

U is the internal energy of a system

This function is most applicable to isochoric (at constant volume) processes. I
Cognizance of these facts is necessary in analyzing the problem at hand.

The processes of interest within the heat pipe are those which occur iso- i
thermally and isochorically, This indicates the application of the Helmholtz I
Function. But most of the information relevant to "free energies" is 4

[ ~~generated with respect to the Gibbs Function. Such a listing of "free I
energies" of oxide formation 8 is given as Table MI. In addition, an extrapo-

lation of selected p~ortions of this information to 1400O1C is presented as

* Figure 18. The value of this graph is as follows:

1. While not directly applicable to the heat pipe, this information is

helpful as an approximation to the corre~ct parameters.
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2. Thermodtynamic properties do not predict the kinetics of a reaction, IA
but they do point out which reaction cannot, or is not likely, to oczur. 11

From this point one is able to intelligently approach a selection process.

In addition the the thermodynamic considerations; compatibility with the
"transfer medium, wick, and envelope is important. Also, the advantages,

or disadvantages, of the gettering medium existing as a solid, liquid, or

vapor must be evaluated. This selection of several possibilities is now

being made,

FAlwing the selection of a group of possible materials, further theoretical

investigations are possible. Of particular interest are the speed and ex-

tent of appropriate reactions.

Hydride formallion ard stability will, of course, be considered in a final

selection. However, oxygen reactions, being of prime importance, will

De exhaustively investigated.

-t2

I
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SECI"NSE T HON rn

CONCLUSIONS

tl The following conclusions have resulted from the work accomplished

during the First Quarterly Report Period:

1. The operation of a converter, coupled to a heat pipe, can be simulated
and stadied by substituting a calorimeter for the converter.

2. The two-piece ceramic-tc--metal heat pipe system and the integral

bonded system arc. the most efficient methods of thermally coupling

a converter to a burner because the working fluid is in direct contact

with the parts of the heat pipe.

3. Lead, bismuth and lithium can all be usted as working fluids for the

heat pipe. Lithium has the smallest temperature gradient along the

IIngt of the heat pipe. The optimum pore size for the wick material I
weas the samec for all three working fluids; i. e., 0. 006 to 0. 007 inches.

4, A~ning is te best barrier material because of its low gas permeation

rate.

5. The permeaticn equipment used in Contract DA-36-039-AMC-03197(E)

can be modified to measure the permeation rate through the barriers

designed for the calorimeter heat pipe systems.
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SECTION IV

PERSONNEL

During the report period the foflowir enngineering personnel applied the

indicated hours to the subject program In accordance with the contractuas

requirements. Resumes of their experience were included for y-ir revltow

in Technical Proposal RCA DP 6081 dated 30 April 1965.

W. B. Hall 104.0 houra

Project Engineering Leader

S. W. Kessler 256.5
Product Development Erngineer

J. J. O'Grady 6.0
Engineer

H. A. Stern 1. G
Engineering Leader

J. A. Fox 69.0
Engineer

I
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V ~SECTION

PYBILICATIONS, LECTURE-S, REPORTS AND CONFELU2NCES 4I

LThe subject report is tue initial distrIbution df irdormaticrn accumzulatbd durling

r F ~the program. N~o publcationsj lectures or reports were released.

One confereace was held at RCA Lanicaster on 12 July 1966 with the folIoving

persons present: Mr. 3. Angello and Mr. S. Levy of USAEL and 1W4sr.3r4

Block, Hall, Kessler and Polkosky of RCA. The subject inatter covered the

review of technical plans for the~ programa.

Firs Quatery Tehnial Rpor

Contract,~~ DA803AIC057E31. Otobe 196 -43
-A



2 SECTION VI

PROGRAM FOR NEXT REPORT PERIOD

Sp BDurlag the next quarter, the program is as followz:

1. Ccnstruct a heat pipe demonstrating the effects of bismuth as the working

*f�luid in contact with the barrier. This heat pipe wll have a 1imift 11Th

pi-,d-ig the development of a compatible seal,

2. Star', the construction of a heat pipe with a Coram barrier shrunk aigo a
columbium tubo. I

3. Determine the minimum radial force necessary to make a am seal vacuum

tight. D-43 metal bands machined to varying wall thicknesses will be used

in the test.

4. OptImize the processing schedule necessary to faibrfcat barriers of

Frenchtown body 7325.

5. Make permeation test on a Coram barrier.

A

I
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The graphical preeasiation Cofe~sed in de.Zriblng the operation of a he.t J

in the vapor and the liquid varies along the length of the pi'o, The preesire

drop in the vapor Is the driving force for the vapor to trvel from the evaporator

to the condenser where it gives tup its later. heat of vaporization. The prwsure

drop in the liquid returns the condensed vapor to the evaporator. The Cquatiom

which quantatively describes the operating parametere of a heat pipe, Mn their

solution using bismuth as the work$ng fluid for the 100 wait fossil fuel converter

of the designs shown in Figures 2 and 3 follo'ws.

f (1)
For an isothermal process AH - TA• where A1 is the change in enthoipy and

AS is the change in entropy at temperature T. Bistnuth vaFnor at 1481OC is 38. 9
percent diatomic with an entropy of 81. 12 HTU/Ib mole OR* . The monatomic

phase has an entropy of 53.43 BTU/lb mole OR and the liquid phase and entropy

If of 31. 10 BTU/lb mole 0R, so that the heat of vaporization at 14506C is

0. 369(81.12 - 31. 10) + 831 (53,43 - 31. 10) BTU /lb mole OR x 3133IR
20 9 be /mole f

5558 kcai/g watt-hr.
AH= 487 BTU/Ib x.i•o cT/• x . 163

x 3600 sec/hr. x 10 1. 14 kwatt-sec/g (1)

Sincre the best known sourcA2• data uses the English units, the conersion into

c. g. s. units wiU be done in the sample calculations.

The quantity of bismuth which must evaporate m to transfer 1. 063 kwatts, Qe,V

to the emitter is

QP 1. 063 kwatt

m =ý = 0.. - = 0. 93 glsec (2)
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or by dividing quantity flowing by the duenaoiy of bismuth vapor pat "SWC

V 0.. 93ame 3 3
iV 0 • 1.32 X 10 ch3 /sec (3)

v v 7.05x10 4 gcM

ctoof bismuth vapor must be transferred from the boiler to the emitter.

iIAccording to Cotter the optimum value of r v /r Wt 2/3 where rv is the Inside
radius of the wick and ri the Inside radius of the heat pi0e. Using this ratio

for the heat pipe in Figure 7, r 95 c~ a and r uO. 63 cm and the cr•sa

sectional area, A , for conducting the vapor is 1. 27 cm Therefore, the
Iv

velocity of the vapoi, ( v) 6
vv

v 1.32 x 101 cm /)ecV " a - 2140 cm/se- (4)v v 1.27 cm

The velocity of the liquid ( v,) may be calculated the same way

[ = v =0. 93 gld._•,

0. PA, O. 75 x8. 55 g/cM X (0.95' - 0.65 ecm()

v, = 0.062 cm/sec.

The denominator is multiplied by 0. 75 asauming that 3/4 of the wick volume is

occupied by liquid metal.

The Reynolds number is important in defining the kind of vapor flow. If the

Reynolds number is less than 1000 the flow will be laminar and have the

maximun heat transfer efficiency. If the Reynolds number is greater than 2000

the flow will be turbulent. Between 1000 and 2000 the flow may be either

or turbulence or a mixture. The Reynolds number is defined as

First Quarterly Technical Report
Contract DA28-043- AMC- 01507(E)
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V P vr v 7.0 0x 0. 63 CM x 1040 atMo /see-

1 . 7,8x 10. poises x g /secem m/poises 4

Sn R a, 260 )

!wher e nv Is the viscosity of the vapor,

The vapor pressure gradient of the liquid along the length of the heat pipe Is

E defined as

F £e e V

-'I where

S~(1-4 / ir Q
A~v = "4 L2(8S8 pr .v

or the vapor pressure gradient a! the vapor

"•_a = length of the heat pipe

R = gad constant[ I = molecular weigh

o t = length of the evaporator

L = latent heat of evaporation and is equal to -A at 14500C

a = probability of condensation

II

The other quantities have been defined in earlier equations.

Substituting values for bismuth in equations 7 and 8

(14 /r ) 1.062 kwatt2 x 7.5 x 10 4 )
L dyne/cm x g cm sece - d ne _

V 4 3 4 4 2 2 2 2
8x7. 05x 10- g3/cm x.63 cm x 114 kwatt see /g

" Apv = .42 mm of Hg (8)
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8.,3 X IQ x 1723
AP~ -0. 42 24 5x1 6 V 2 X 20

S8. 1(24. 65 8.1)x 14 x Ix .635
-AA

where the udits are

rrneerg Oncm dyne
_K__MO erg '6m fH

cnikwatt lno - j
it McI cr- dyne '

"• • Ap= mm ofHg- -

cm 3r cm, x kwatt see/g x cm

For small changes in pressure the change in poiling point with pressure i9 given
approximately by the Clausius- Clapeyron equation

A T2A (9)-
v MLp

Swhere p is the vapor pressure of the bismilth. Substituting valuee into (9) for

bismuth

ST78.31x 1 /°Kmox 17232 2 -10
8T 31 0 ergK mox 13K x 2.50 mm da Hg x 10 kwatt/ergIzec

v 209 g/m01 x 1. 14 kwatt-sec/g x rr of Hg

AT =.810 K

The optimum pore of the wick is dependent upon the operating position of the

heat pipe because the capillary forces by the wick must overcome the force of

gravity. The most practical terrest,-iP.l aystems are, a heat pipe operating

horizontal where the gravitational force is zero along the length of the pipe and

I a heat pipe operating vertical with the boiler beneath the ccndenser. In the case

of a vertical heat pipe, gravity will aid the flow of liquid back to the boiler and the

[only requirement is the wick be satura.ed with liquid in the boiler. This can
Ses w s cabe calculated by letting the length of bAler equal the height a liquid with a surface

tension -y will rise ina capillary radius of r .

First Quarterly Technical Report
Cohtract DA28-043-AMC-01507(E)
31 October 1965 -50-

!I



r ~ .'-- Ž :~

- -

whr -. is th wetn anl an assumed- to~ be- 0% g to he a-------io o

gr vt and pI h4e st fýelq i. Sb tttn au sf , i m t n

eqato (10) 6T,

e p~ gr

r 2x 276 dyne /cm x I x em 1sec4 1dyne

8. Bcm x8.55 g/cm x 980cm/sec ?

rc 0. 0078J h-

1~8

A



SBibliographical References fo r Appendix I

i. T. P. Cotter "Theory of Heat Pipes Los Alamos Scientiiic Laboratory,

March 26, 1965, Contract No Wo W 7405 Eng 36 with AEC

2. F. D. Rossini, Chemical Thermodynamics, John Wiley & Sons, !nc.,

N. Y., 1950

3. W. D. Weatherford, Jr., John C. Tyler and P. M. Ku, Southwest

Research institute. WADD Tech. Report 61-96, Contract No. AF33(616)-

7206, Proj. No. 7381, Task No. 73812

First Quarterly Technical Report
Contract DA28-043--AMC-01507(E) -2
31 October 1965 -2



UriCLASSIF•I D

DOCUMENT CONTROL DATA R&D
, .z$.• , o, e a ! ~e o mt. hodf o1 al b a rt i-bda.an a E j f .ax notf" aitsion mtao f•e e 'tir ed the av*er tI l umn te is cl laeitiwJ

SORIGINATING ACIVIY (Co-pote athor) LASIICATION

Radio Corporation of America -UNClASSIFIRD
Lancaster) Pennsylvania IZb GROUP

3 nr..- AT TITLE

THE DNVELOMDP T OF A FOSSIL FUEL FIRED HEAT PIPE FOR USE WITH THERMIM C EMEIMT
SI

4 D.SCRIPTIVE NOTES (Type of rport m'd Inclunteye da2es)

First Quarterly Report - I Jul - 30 Sep 65
S AUTHOR(S) (Lest nave. flit nxe., initial)

Hal W. B.; Kessler S. W.

4 REPORT DATE 0TOANOO Ar6 bo.p RF

Nov 6 5527
32 CONTHACý OR GRANT NO. 9a ORIGINATOR*$ REPOPT NUM8BERts)

DA 28-0143 AM(-01507 (E)
b. PROJECT NO

IG6-22001-A-053-0 1st Quarterly Report
C. 9b5. OTIWER 1%P0RT NO(S) (Any otha r.r""nibo that w.uy be ae•iged

d. Tech Rept ECOM 01507-1
10 AV A IL ABILITY/LIMITATION NOTICES

Qualified requesters may obtain copies of this report from DDG.
I flC verr 1aa to CFSq9•T not authorized.__

I SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

U. S. Army Electronics Command
Fort Yonmouth, New Jersey AMEL-KL-T¶

13. ABSTRACT

The subject contract was initiated 1 July 1965 to develop the most efficient
method of coupling a simulated thermionic converter to a heat pipe. The heat
pipe incorporates a gas barrier and is used to conduct the heat from a fossil
fuel burner to the simulated converter. A thecretical analysis of the opera-
tion of the heat pipe will be made and confirmed experimentally.

During this first report period, progress was made on the following pertinent
tasks: Potential working fluids were evaluated; Structural materials and
fabrication techniques were investigated; Barrier materials were evaluated;
permeation tests were started using the most promising barrier materials; and

A theoretical analysis of getter materials to eliminate unwanted contaminants
has been started.

DD I JAN 61473 Security Classification



UNUMSI!FIED

LINK k~-
KCEY WORDS- K T Llt

I9

Heat Pipe
Gas Permeation-Alumina

Thermionic Converters
High Temperature Ceramics I L
BiesmuthbIi
Metal-to-Ceramic Seals
Foss.il-Fueled Thermionic Converters

I 1.

INSTRUCTION.."-

1. ORIGINATING ACTIVITY: Enter the oame and address 10. AVAILABIL.TY/LIMITATION NOTICES Enter any lrn-
of the contractor, subcontractor, grantee, Department of De- itations on further dsaaemination of the report. other than those
fense activity or other organization (cotporate author) iasuing I
the report.suchimposed by security classificstionL using standard stataments

the report.such as:usn
2a. REPORT SECUPITY CLASSIFICATION: Enter the over. (1) "Qualified requesters may obtain copies of this
all security classification of the report. Indicate whether ruport from DDC.'0
"Restricted Data" Is included. Marking is to be in accord-
ance with appropriate security regulations. (2) "Foreign annoa cement and dissemination of this
2b. GROUP: Automatic downgrading is specified in DOD Di- report by DDC is not authorisd"
rective 5200.10 and Armed Forces Industrial Manual. Enter (3) "U. S. Government agencies may obt•in copies of
the group number. Also, wl'mn applicable, show that optional this report directly from DDC. Other qualified DDC .
markings have been used for Group 3 and Group 4 as author- users shall request through
Iced, .,

3. REPORT TITLE: Enter the complete report title in all (4) 1U. S. military agencies may obtain copies Of this
capital letters. Titles In all cases should be unclassified. report directly from DDC. Other qualified usersof
If a meaningful title cannot be selected without classifica- shall request through O
t!on, show title classification In all capitals in parenthesis
immediately following the title. ." .,

14. DE-SCRIPTIVE NOTES: If appropriate, enter the type of (5) "All distribution of thi% report is controlled. Qual-
report, e.g., interim, progreac, summary, annual, or fInal. ifled DDC users shrlt request through j
Give the inclusive dates when a specific reporting period is,
covered.

If the report has been furniahed to the Office of Technica -S. AUTHOR(S): Enter the name(s) af author(s) as shown on Services, Department of Commerce, for sale to the public, Indl.

or in the report. Enter last name, first name, middle Initial. catse this fact and enter the price, if knowsp
If military, show rank and branch of service. The name of te,
the principal author is an absolute minimum requirement. IL SUPPLEMENTARY NOTES: Use for additional explana-

6. REPORT DATE: Enter the date of the report as day, tory notes.
month, year. or month, year. If more than one date appears 12. SPONSORING MILITARY ACTIVITY: Enter the name of
on the report, use date of publication, the departmental project office or laboratory sponsoring (par

7s. TOTAL NUMBER OF PAGES. The total page count Ing for) the research and development. Include address.

should follow normal pagination procedures, i.e., enter the 13. A BSrRACT: Enter an abstract giving a brief and factual
number of pages containing information. summary of the document indicative of the report, even though

it may also appear elsewhere In the body of the technical te-
7b. NUMBER OF REFERENCES: Enter the total number ýf port. If additional space is required, a continuation sheet
references cited in the report. shall be attached.

Be. CONTRACT OR GRANT NUMBER; If appropriate, enter It is highly desirable that the abstract of classified re-
the applicable number of the contract or grant under wlicrh ports be unclassified. Each paragraph of the abstract shall
the report was written. end with an indication of the military security classification
8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate of the information in the paragraph, represent -d as (TS), (S),
military department identification, such as project number, (C), or (U).
subproject number, system numbers, task number, etc. There is no limitation on the length of the abstract. How-

9a. ORIGINATOR'S REPORT NUMBER(S): En<er the offi- ever, the suggested length is from 150 to 225 words.
clal report number by which the docnment will be Identified 14. KEY WORDS. Key words are technically meaningful terms
and controlled by the originating activity. This number must or short phrases that characterize a report and may be used as
be unique to this report. index ent. ies for cataloging the report Key words must be
9b. OTHER REPORT NUMBER(S): If the report has bee, selected so that no Recuiity classification is required. Iden-
assigned any other report numbers (either by the orienator fiers, such as equipment model designation, trade name, mili-
assigned panyoer, repoeterth numbers(either byttary project code name, geo;,raphic location, may be used as U
or by the sponsor), also enter this numbei(s), Skey words but will be followed by an indication of technical

context. The assignment of links, rules, and weights is
optional. ..

S~UNCLASSIFIED
0Security assification

Hi2


